We deposited indium tin oxide (ITO) thin films by pulsed laser deposition (PLD) under various deposition conditions such as different levels of laser fluence and ambient oxygen gas pressure, while maintaining the substrate temperature at room temperature. We investigated the optical, structural, and electrical properties of the films as a function of the deposition conditions. We found that the variation of film properties is more dependent on oxygen gas pressure than on laser fluence. High quality ITO thin films with low electrical resistivity of 2-4 × 10 −4 Ω·cm and high optical transmittance of over 80% in the visible region are deposited on a glass substrate at room temperature under laser fluence above 4 J/cm 2 and oxygen gas pressure of 1 Pa. We experimentally produced an electrochromic device (ECD) using ITO coated glass substrate deposited at optimal deposition conditions. It is shown that ECD is colored by applied voltage and bleached when the voltage is reversed.
INTRODUCTION
Transparent conducting oxide (TCO) thin films with high transmittance of over 80% in the visible region and low electrical resistivity of about 10 −4 Ω·cm have been used as transparent electrodes in optoelectronic devices such as flat panel displays and solar cells. In particular, indium tin oxide (ITO) has been most widely used for the TCO material and studied extensively using various deposition techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] .
We have prepared electrochromic devices (ECDs) using tungsten oxide (WO 3 ) thin films on the ITO coated flexible substrates at room temperature by pulsed laser deposition (PLD) and RF magnetron sputtering [10] . These ECDs exhibited electrochromic properties, even when the substrates were bent. However these ECDs used commercial flexible substrates coated with the ITO thin films and aqueous electrolyte. Development of all-solid-state ECDs with high durability of materials is required in the future.
In this study, we prepared the ITO thin films on flexible substrates at room temperature by the PLD method; these films are used as transparent electrodes in all-solid-state ECDs. In addition, to study the effect of deposition conditions on film properties, we performed optical emission spectroscopy (OES) of a plasma plume produced during deposition of the ITO thin films.
EXPERIMENTAL
The PLD system consisted of a vacuum chamber with vacuum pumps (an oil-free scroll pump and a turbo molecular pump) and a second harmonic (λ = 532 nm) Nd:YAG laser (Continuum, Surelite III-10). The base pressure in the vacuum chamber was 5 × 10 −5 Pa; ambient oxygen gas was introduced into the chamber through a mass flow controller. Indium tin complex oxide (Kojundo Chemical Laboratory, 95 wt% In 2 O 3 -5 wt% SnO 2 , purity 99.99 %) was used as a target. The substrates of SiO 2 glass and Si(100) were cleaned with distilled water and acetone before use. The target-to-substrate distance was about 5 cm. The laser beam was focused on a 0.8-1.8 mm 2 elliptical spot at the target surface using a focal lens. The laser radiation was introduced at 45 o with respect to the target surface. ITO thin films were deposited under different laser fluences (E L ) ranging from 2 to 6 J/cm 2 and oxygen gas pressures (P O2 ) ranging from vacuum to 100 Pa, while maintaining the substrate temperature at room temperature (RT). The depositions were performed for 5-45 min.
Optical transmittance of the ITO thin films was measured using a UV-VIS optical spectrophotometer (Shimadzu, UVmini-1240). The electrical properties were measured using a four-point probe resistivity meter (Mitsubishi Chemical, MCP-T610). The structural properties were measured using an X-ray diffractometer (XRD; Rigaku, RINT-2100VSK). The thickness of the films was determined using a surface profiler (Veeco, Dektak 3).
The light emitted from the laser induced plasma plume was measured using a spectrometer (Hamamatsu Photonics, C5095) equipped with an ICCD camera (Hamamatsu Photonics, C7164-03) by varying the distance from the target surface. oxygen gas pressure. The emission intensity of these lines observed in a position at 2 mm from the surface of the target increased with increasing the oxygen gas pressure. In particular, the O I intensity of 10 Pa was 10 times larger than that of 1 Pa. This difference between the intensity of emission lines and the variation of the oxygen gas pressure affected to create oxygen vacancies as an electron carrier source in the ITO thin films.
The ionic In species (In II) at 468 and 488 nm shown in Fig. 1 (a) and (b) are detected. Other ionic species (Sn II, O II) shown in Fig. 1 (a) are also detected near the target surface; these species are difficult to detect at a position away from the target, as shown in Fig. 1 (b) . The following are the processes involved in a PLD method: (i) ejection of species with high kinetic energy near the target surface immediately after laser irradiation; (ii) formation of the plasma plume; and (iii) expansion of the plume in ambient gas [11] . Figure 2 shows the variation of the deposition rate of the ITO thin films, deposited at a wide range of P O2 , from the base pressure to 100 Pa. The deposition rate increases up to P O2 of 10-20 Pa and then decreases at high P O2 . In the low range of P O2 , from 0.1 Pa and below, the shape of the plasma plume was not distinct, because ablation particles from the target surface by laser irradiation were not colliding with the ambient gas molecules. As a result, the ablation particles dispersed and were not deposited on the substrate. In the middle range of P O2 , from 1 to 20 Pa, the shape of the plasma plume could be observed clearly. At P O2 of 10 Pa and above, the plasma plume with distinct boundary was formed, and the tip of the plasma plume emitted intensively. This was due to reactions such as collisions between the plasma plume and ambient gas molecules. The progress distance of the plasma plume was about the same as the target-to-substrate distance; consequently, the thickness of the film deposited on the substrate increased more than that of the films deposited at low P O2 . In the high P O2 range, from 50 Pa and above, the kinetic energy of the plasma plume was lost because of less-intensive collisions between the plasma plume and the ambient gas molecules. It was difficult for the plasma plume to reach the substrate, and therefore the thickness of the deposited film decreased. Figure 3 shows the optical transmission spectra of ITO thin films deposited at E L = 4 J/cm 2 and P O2 = 1, 5, 10, 50, and 100 Pa. At P O2 ≤ 50 Pa, the ITO films with transmittance above 80% in the visible region were obtained, whereas the film deposited at P O2 = 100 Pa was whitish in color and less transparent. Figure 4 shows the average transmittance in the visible region of 380-780 nm and the electrical Fig.3 Optical transmission spectra of ITO thin films deposited at various P O2 . resistivity of the ITO thin films. The optical and electrical properties of the ITO films are also dependent on P O2 . High transmittance (above 80%) and low resistivity (3.6 × 10 −4 Ω·cm) were obtained in the film deposited at E L = 4 J/cm 2 and P O2 = 1 Pa.
The deposition rate of ITO films in a wide range of P O2

Properties of ITO films deposited under high P O2
Properties of ITO films deposited under low P O2
ITO thin films were deposited at E L = 2, 4, and 6 J/cm 2 and comparatively low P O2 values of vacuum (base pressure = 5 × 10 −5 Pa), 0.1, 1, 5, 10, and 20 Pa, because we investigated the characteristics of the films deposited under and around P O2 = 1 Pa in detail. Figure 5 shows the optical and electrical properties of the ITO thin films referred to in Fig. 3 . The average transmittance in the visible region improves as P O2 increases. We obtained the films deposited at E L ≥ 4 J/cm 2 and P O2 ≥ 1 Pa with a high transmittance of above 80%. Figure 6 shows the XRD patterns of the ITO thin films deposited at E L = 4 J/cm 2 and with increasing P O2 . Amorphous ITO films were obtained at P O2 ≤ 5 Pa; and small peaks of (222), (440), and (622) corresponding to the In 2 O 3 cubic crystalline structure appear at P O2 ≥ 10 Pa. The broad peaks around 2θ = 30-35 o indicate that the films have a mixed amorphous and crystalline phase with (222) and (400) diffraction peaks. Therefore, preferable ITO thin films deposited at E L ≥ 4 J/cm 2 and P O2 = 1 Pa, as shown in Fig. 5 , exhibit non-crystalline amorphous nature. However, for application as transparent electrodes in ECDs, the ITO films of crystalline nature are preferred.
The effect of thickness
We have prepared ITO thin films at E L = 4 J/cm 2 and P O2 = 1 Pa, while increasing the deposition time. Thicknesses of the ITO films obtained were 20, 59, 131, and 167 nm at the deposition times of 5, 15, 30, and 45 min, respectively. Figure 7 shows the XRD patterns of the ITO thin films deposited with increasing thickness. The ITO thin films below 59 nm exhibit an amorphous nature and are similar to the XRD result shown in Fig. 4 . The thickness of the ITO film deposited at E L = 4 J/cm 2 , P O2 = 1 Pa for the deposition time of 10 min, as shown in Fig. 4 , was 2010) estimated to be 42 nm. The increase of the thickness to more than 59 nm leads to improved crystallinity. Figure 8 shows the relationship between the electrical resistivity and the thickness of the ITO thin films. The resistivity of the ITO films is found to decrease with increasing thickness; the minimum resistivity achieved is 2.9 × 10 −4 Ω·cm for the film deposited at 167 nm. Figure 9 shows the optical transmittance spectra of the ITO thin films with different thicknesses. The transmittance in the visible region slightly decreases and an absorption edge gradually shifts to longer wavelengths (redshift) as the thickness of the ITO films increases. The inset shows an optical band gap E g of the ITO films, which can be estimated from the Tauc relation given by
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where α is an absorption coefficient, hν is a photon energy, A is a constant, and E g is the optical band gap [12]. The optical band gap was obtained from the intercept of (αhν) 2 versus hν for direct allowed transitions. The values of E g decrease with increasing thickness of the ITO films.
Electrochromic property
ITO thin films with better properties, i.e., low resistivity, high transparency, and crystalline nature could be prepared at optimal deposition conditions (E L = 4 J/cm 2 , P O2 = 1 Pa) and at thickness ≥ 131 nm. Figure 10 (a) shows the fabrication of an electrochromic device (ECD) that is composed of 150-nm-thick ITO thin films as the transparent electrodes and a 100-nm-thick WO 3 thin film (deposited using RF magnetron sputtering) as the electrochromic layer. A 1 mol/L LiClO 4 (Kishida Chemical) aqueous solution is used as the electrolyte. Figure 10 (b) shows the visible transmittance spectra of ECD in colored and bleached states under applied voltage. The color of the ECD changed from transparent to blue after applying the voltage of ±3.5 V and changed again from blue to transparent after applying a reverse voltage.
CONCLUSIONS
We prepared ITO thin films by PLD at various levels of laser fluence and ambient oxygen gas pressure, while maintaining the substrate temperature at room temperature. We found the optical, electrical, and structural properties to be influenced by the oxygen gas pressure. ITO thin films with better properties, i.e., low electrical resistivity of 2-4 × 10 −4 Ω·cm and high optical transmittance of over 80% in the visible region were obtained under laser fluence of above 4 J/cm 2 and oxygen gas pressure of 1 Pa at room temperature. An amorphous to crystalline transition was observed when increasing the thickness of the ITO thin films; the films with a polycrystalline phase were obtained at a thickness ≥ 131 nm. An ECD (size 2 × 2 cm 2 ) fabricated by ITO electrode films deposited at optimal conditions (E L = 4 J/cm 2 , P O2 = 1 Pa, and thickness = 150 nm) showed colored and bleached states by applying voltage.
